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ANATYSTS OF TWO-SPOOL TURBOPROP-ENGINE CHARACTERISTICS

By Elmer H. Davison

SUMMARY

Two-spool turboprop engines with an over-all compressor pressure
ratio of 12 split 6-2, 3-4, and 2-6 between the outer and inner coampres-
sors were analytically investigated for a range of turbine-inlet temper-
atures and flight conditions.

The 2-6 engines, in comparison with the 6-2 engines, are restricted
in the range of turbine-inlet temperature for which they can be designed
if turbine stator adjustment in the outer turbines is not employed. The
use of turbine stator adjustment makes the turbine design requirements
more difficult and, in general, does not appreciably reduce the spe-
cific fuel consumption. Compressors of advanced design can be employed
without encountering severe turbine stress limits. For engine operation
without turbine stator adjustment, the 2-6 engines require the greatest
range of outer-compressor operation. The operating line for the inner
campressor of the 6-2 engines is nearly vertical (small change in equiv-
alent weight flow), while that for the 2-6 engines nearly parallels the
surge line. The design stress, frontal area, and pressure ratio for
the outer turbine increase considerably with altitude and flight speed
for operation with constant exhaust-nozzle area. It appears desirable,
therefore, to employ an adjustable exhsust-nozzle ares that can be
closed down at altitude to avold these increases. The design require-
ments of the inner turbines are not affected to any extent by the flight
condition.

The variations of specific fuel consumption with turbine-inlet
temperature are considerably less than for single-spool engines (in-
vestigated previously) of camparable compressor pressure ratioc. Com-
parison of two-spool engines with single-spool and free-turbine engines
(investigated previously) revesled that incressing the pressure ratio
obtained in the outer compressor of a two-spool engine results in char-
acteristics similar to those of a single-spool engine, while reversing
the split results in characteristics similar to those of a free-turbine
engine. Comparison of the two-spool and single-spool engines, for
those aspects investigated herein, does not reveal any major limitations
or differences which clearly indicate that one type is inherently better
than the other.
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INTRODUCTION

An analytical investigation of the performance characteristics and
the design problems of turboprop engines has been conducted at the NACA
Lewis laboratory. Some of the turbine design problens encountered in a
single-spool engine with current compressor pressure ratio (7.32 at de-
sign) were investigated in reference 1. The investigation was extended
in reference 2 to cover the effect of mode of engine operation on the
turbine design requirements and engine performence for a single-spool
engine with current compressor pressure ratio. In reference 3, single-
spool engines and free-turbine engines utilizing & single-spool com~
pressor with high compressor pressure ratio (14 4 at de51gn) were in-
vestigatede 7"

The trend in turboprop engines is to higher compressor pressure
ratios and higher turbine-inlet temperatures, because the result is
lower specific fuel consumption and higher speciflc power. The two-spool
engine is of interest because it offers one means of obtaining the higher
compressor pressure ratios desired. The purpose of this report is to
present the results of an analytical investigation of the engine char-
acteristics of two-spool engines with high over-all compressor pressure
ratio (12.0 at design).

The following facets of the two-spool engine were investigated:
the relative sizes of the engine components from coampressor inlet to
tailcone outlet, same of the serodynamic characteristics of the com-
Pressor and turbine combinations, the turbine stress characteristics,
the effect of turbine-inlet temperature and flight condition on the
engine component requirements, and the sfc' and engline power charsc-
teristics. The two-spool engines of this investigation were also com-
pared with single-spool and free-turbine epgines investigated previously.

In this study an over-all design compréssor pressure ratio of 12
was assigned. Engines with this over-all cmpressor bressure ratio of
12 split 6-2, 3-4, and 2-6 between the outer and inner compressors were
1nvestigated. The actual rotative speed of the outer compressor for all
engines was held constent for all flight and operating conditions. The
following three flight conditions were invedtigated for a range of
turbine-inlet temperature from 1600° to 2600° R:

(X) Sea-level static
(Y) Flight velocity 400 mph, altitude 19,000 feet
(Z) Flight velocity 600 mph, altitude 40,000 feet

Turbine stator adjustment was also considered. The two configurations :
investigated were (1) outer-turbine stator adjustment alone and (2) outer-
and inner-turbine stator adjustment in combination.

, 107
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ANATYSTS

In the previous analyses of single-spool and free-turbine engines
(refs. 1 to 4}, the effects of such things as mode of engine operation,
turbine-inlet temperature, and flight condition on the engine character-
istics have been established. Many of the conclusions obtained in -these
previous analyses pertaining to single-spool and free-turbine engines
apply to two-spool engines. When the present analysis was initiated, it
was thought that the division of the over-all compressor pressure ratio
between the outer and inner compressors would perhaps be the most im-
portant additional consideration in delineating the design problems and
features of the two-spool engine. Therefore, in this investigation an
over-all design compressor pressure ratio of 12 was assigned; and engines
were investigated with this over-all pressure rgtio spllt 6-2, 3-4, and
2-6 between the outer and inner compressors.

The analysis is of the type wherein hypothetical compressor per-
formance maps are used with assumed constant turbine efficlencies to de-
termine the turbine design requirements and their effect on other engine
requirements. The engine performance characteristics were also investi-
gated. A schematic diagram of a two-spool turboprop englne with station
locations 1s shown in figure 1, end compressor performance maps are given
in figure 2. Symbols used herein are defined in sppendix A.

In appendix B, the analytical procedure followed in obtaining a
series of figures (e.g., figs. 3 to 8) for each compressor-pressure-ratio
split is explained. The four main assumptions made in constructing these
Tfigures are as follows:

(l) The rotative speed of the outer compressor is constant.

(2) The ratio of exhaust-nozzle area to outer-campressor frontal
aree is coanstant at l.4.

(3) The adiabatic efficiencies of both the inner and outer turbines
are constant at 0.85.

(4) Stator adjustment is permitted in the outer but not the inner
turbine.

From these figures it is possible to determine the effects of
campressor-pressure-ratio split, turbine-inlet temperature, and flight
condition on many of the turbine design requirements, engine performence,
and compressor operating characteristics. The parameters investigated
are plotted against the total-pressure ratio across the inner turbine
pi/bé (see fig. 1) in order to determine whether it might be desirable

to incorporate turbine stator adjustment in the outer turbine. With no
stator adjustment in the outer turbine the pressure ratio pi/bé, as
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shown in appendix B, is constant for all fI1ight conditions and turbine-
inlet temperatures. The case of no stator adjustment (pé/p5 = const.)

can thus be easily compared in the figures presented with the case of
stator adjustment in the outer turbine. B

Stator adjustment for both the inner and outer turbines was con-
sidered, but only & discussion of the results is presented. The addl-
tional reduction in specific fuel consumption sfc +that could be ob-
tained by using stator adjustment in both turbines, rather than only in
the outer turbine, was negligible. Also, the engine could be coperated

over the range of turbine-inlet temperasture assligned with stator adjust-

ment in the outer turbine alone; and, therefore, empldyment of stator
adjustment in the inner turbine appeared to, be a needless camplication.

Figure 9 shows the interrelation of inner-turbine centrifugal stress
and vaerious compressor aerodynamic and geometric parameters for the sea-
level static condition at a turbine-inlet temperature of 2100° R. The
derivations of figures 9(a) to (f) are given in appendix B. These fig-
ures were used to select the equivalent deslgn speeds and frontal areas
of the inner compressors. The centrifugel stresses in the lagt rotors
of the inner turbines are, for the equivalent design speeds and frontal
areas selected, within a 1000-hour stress- rupture limit for an HS-31
blade material when the turbine-inlet temperature is 2100° R, Table I
lists for the various compressors the equivalent design speeds, frontal
areas, and so forth. An explanation of these selections is given in
appendix B. The outer compressors for all three compressor-pressure-
ratio splits had transonic inlet stages with design relative inlet Mach
numbers at the tip of the first rotor of 1.2. The inner compressors had
design relative inlet Mach numbers at the tip of the first rotor of 0.8,
1.0, and 1.2 for the 6-2, 3-4, and 2-6 compressor-pressure-ratio splits,
respectively.

Selection of an optimum engine from the figures discussed in this
section would depend to a large extent upon the importance attached to
individual requirements. These figures werg.used to exsmine in this
report the effect of compressor-pressure-ratio split, turbine-inlet tem-
perature, and flight condition on engines having no stator adjustment in
elther turbine and engines that obtain minimum sfec Dby use of stator
adjustment in the outer turbine. -

Figure 10 presents the variations in outer-turbine-inlet equivalent
! -
weight flow W ‘/6 /85/-\t 17 outer~turbine total -pressure ratlo ps/bs,
inner-turbine total-pressure ratio P4/P5: ratio of outer-turbine-exit
to outer-compressor-inlet frontal areas At G/At 12 ratic of inner-

turbine-exit to outer-compressor-inlet frontal areas At 5/At 1, outer-
turbine-exit blade centrifugal stress Sb 6;”inner—turbine exit blade

TOC%
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centrifugal stress Sb,s’ ratio of engine power to outer-campressor-
inlet frontael area P*/At,l’ and specific fuel consumption sfc with
turbine-inlet temperature T} and flight condition for the three

compressor-pressure-ratio splits. Only exlt stresses are considered for
the turbines, since they are usually a religble guide to the severity

of the turbine stress problem, even though blade rows forward of the
last rotor might be stress-limited when the exit blade rows are not.

The curves are presented for the following two types of engines:

(1) Engine A: No stator adjustment in either turbine, and ratio
of exhaust-nozzle area to outer-compressor frontal ares of 1.4

(2) Engine B: Minimum sfe obtainable by using stator adjustment
in outer turbine, and ratio of exhsust-nozzle area to outer-
compressor frontal area of 1.4

The curves for engines A were obtained by cross-plotting, for example,
from figures 3 to 8 for a 2-6 compressor-pressure-ratio split at a con-
stant value of pi/bé. The curves for engines B were obtained by cross-

plotting from figures 3 to 8 the values corresponding to the minimum
sfc values of figure 5.

The compressor operating conditions for engines A are shown on the
campressor performance maps (figs. 2(e) and (£)). These operating lines
were obtalined with the aid of figures 3 and 4. The other compressor-
pressure-ratio splits were handled in the same manner.

RESULTS AND DISCUSSION

The engines with compressor-pressure-ratio splits of 3-4 have char-
acteristics between those of the 6-2 and 2-6 compressor-pressure-ratio
splits. Therefore, only engines with compressor-pressure-ratio splits
of 6-2 and 2-6 are compared herein, with the implication that the 3-4
engines are midway between these extremes.

Effect of Compressor-Pressure-Ratio Split and Turbine Stator Adjustment

Turbine-inlet temperature. - Without turbine stator adjustment (en-
gines A}, the 2-6 engine (fig. 10(c)) in comparison with the 6-2 engine
(fig. 10(a)) is restricted (usually by the compressors) in the range of
turbine-inlet temperature over which it can be designed to operate. For
exemple, the 2-6 engine can operate over & range of temperature from
1600° to only 2400° R at flight condition Z, whereas the 6-2 engine can
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operate over a range of tempersture from 1600° to 2600° R. The reason . —
for this restriction is apparent from figure 5, which shows that, for a
constant pi/bé, design points at only a limited number of temperatures .

can be obtained for the 2-6 engine. For en@ines A of figures 10(b) and
(c) (3-4 and 2-86 engines), the Pi/Pé crosg-plot values were selected _

to give the greatest range of turbine-inlet temperature Ti without

sacrificing too much with respect to sfc. . Soame of the meximum and _ o
minimum Ti values for the 3-4 and 2-6 engines shown in figures lO(b)

>
and (c) may not be realistic, since they result in compressor operatlng P
conditions very near surge or at equivalent compressor operating speeds F
greater than those comnsldered in constructing the compressor maps. For )
the 6-2 engine it was possible to select & 'pi/?é value that would give

nearly minimum sfc and reasonable compressor operating conditions at L
all T} values. N -

The range of turblne-inlet temperature can be increased by using
turbine stator adjustment (engines B). However, this results in more
critical turbine design requirements, particularly for the 2-6 engine.
Pigure 10(c) shows that the outer turbines for engines B must be able to
operate over a larger variation in inlet equivalent weight flow .
(w‘/ég/BéAt 1) and that the percent change of pressure ratio pé/bé is '
M o Z

greater than for engines A, . . - -

Specific fuel consumption. - The reduction in specific fuel consump-
tion obtalned by using turbine stator adjustment is usually quite small.
Figure 10 shows that lower values of sfc ¢&an be obtained for the 2-6 _
englnes than for the 6-2 engines at the lower turbine-inlet temperatures,
but that little difference exists at the higher temperatures. Using
stator adjustment, in both the inner and outer turbines produces only
slightly lower sfc for the three compressor-pressure-ratio splits than
stator adjustment in the outer turbine alone or no stator adjustment in
the 6-2 englnes. T -

Centrifugel stress. - In calculating the exit centrifugal stress
Sb,s for the inner turbine, it was specified that the stress be well
within a 1000-hour stress-rupture limit for an HS-31l blade materisl at
flight condition X (sea-level static) and a turbine-inlet temperature
of 2100° R. For eéngines A and a 6-2 pressure-ratio split (fig. 10(a))},
the exit stress Sb,5 is nearly constant with turbine-inlet temperature

and flight condition. Therefore, the turbine-inlet temperature could .
be raised to approximately 2300° R before ex¢eeding the 1000-hour limit, A

since the design stress at & turbine-inlet temperature of 2100° R is well .
within & 1000-hour stress-rupture limit. The stress variations for en- -
gines A with a 2-6 pressure-ratio split (fig. 10(c)) are less favorable,
because the exit stress Sb,s increases with turbine-inlet temperature.
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However, the stress could be held relatively constant by using turbine
stator adjustment (engines B). The outer-turbine-exit centrifugasl stress
Sb,6 at flight condition X and a turbine-inlet temperature of 21000 R

was also well within a 1000-hour stress-rupture life (see fig. 9(f)) for
en A-286 blade material (ref. 5). Flight condition has a large effect
on the exit centrifugal stress Sb,6’ as 1s discussed subsequently.

Same of the compressor design requirements specified in order to
obtain the stress values shown in figure 10 are given in table I. Ex-
cept for the inner compressor of the 6-2 engine, all the compressors
considered have transonic inlet stages; and even the inner compressor
of the 6-2 engine is an advanced design by present standards. If lower
turbine stresses are desired, they can be obtained by lowering the design
tip speeds specified; but this reduction would increase the number of
caupressor and turbine stages required.

Turbine frontal sreas. - Figure 10(a) shows that the frontal areas
of the inner turbines of the 6-2 engines are relatively smell. This
might result in some difficulty in obtaining smooth flow transition from
the combustor outlet to the outer-turbine inlet. However, as pointed
out in appendix B, this 1s considered a minimum area, since a 0.6 hub-
tip radius ratio was assigned at the exit of the turbine. This frontal
area can be ilncreased (without increasing turbine stress) by assuming a
larger hub-tip radius ratio. If the ares ratio At,5/At,l were in-

creased to 1.0, for example, the hub-tip radius ratio would be 0.89.
(The manner in which Ay 5/Ay ; varies with hub-tip redius ratio is

given by eq. (B33).) There is, therefore, same freedom of choice as to
the ares ratio At,S/At,l to be used. The minimums are shown in figure

10, while the maximum area ratios would be determined by the meximum
hub-tip radius ratio or minimum length blades that might be acceptable.
The centrifugal stress would, in most instances, probably be held to a
minimum by designing the turbines near limiting loading, which in turn
tends to minimize the turbine frontal area (see appendix B). There is
still some freedom of choice in the hub-tip radius ratio as mentioned,
however, so that acceptable wall contours from the combustor outlet to
the outer-turbine inlet should be obtainasble. Increasing the frontal
area of the inner turbine has the added adventage of increasing the blade
speed, which in turn tends to ease the turbine aerodynsmic design prob-
lem for & given number of stages or to reduce the required number of
stages for given aerodynamic limits.

Compressor operating conditions. - The compressor operating condi-
tions for engines A for the three compressor-pressure-ratio splits are
shown in figure 2. The 2-6 engines require the greatest range of outer-
compressor operation. The operating line for the inner compressor of
the 6-2 engine is nearly vertical, while that for the 2-6 engine nearly
parallels the surge line.
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Effect of Turbine-Inlet Temperature

Compressor operating conditions. - The .effect of turbine-inlet tem-
perature on the compressor operating conditions for engines A can be
seen Iin filgure 2. Lowering the turblne-inlet temperature drives all the
outer compressors toward surge. Ralsing the turbine-inlet temperature
drives the inner compressor of the 6-2 engihe toward surge and a region
of lower efficiency at high pressure ratio.: Raising the turbline-inlet
temperature does not drive the inmer compregsor of the 2-6 engine toward
surge, because the operating line nearly pefrallels the surge line, but
does drive it into a region of lower efficiency at high pressure ratio
and weight flow. (It should be noted that the outer compressor must op-
erate very near the compressor surge limit for the 2-6 engines in order
to design for turbine-inlet temperatures as_low as 1600° R. For the
highest temperature considered, 2600° R, the inner compressor must op-
erate at equivalent compressor operating speeds higher than those con-
sidered in constructing the compressor maps.)

Power output, specific fuel consumption, and stress. - Figures 10(a)
and (c) show that, for either compressor-pressure-ratio split, the power
output P*/At 1 varies nearly linearly with turbine-inlet temperature,
and that sfc 1is nearly constant except fofr temperstures below 2000° R.
Also, for engines A the turbine stress problem is more critical for the
2-6 compressor-pressure-ratio split than for the 6-2, because the
stresses increase more rapidly with turblne-inlet temperature. The
stress problem can be alleviated at higher temperatures by using turbilne
stator adjustment (engine B), but this makes the turbine design problems
more difficult, as noted previously.

Effect of Flight Condition

Stress, frontal area, and pressure ratios. - Deslign stress and
frontal area of the outer turbine for campressor-pressure-ratio splits
of 6-2 and 2-6 Increase with altitude and flight speed for operation at
constant . exhaust-nozzle area (figs. 10(a) and (c)). The pressure ratio
across the outer turbine pé/bé also increases with altitude and flight

speed, These variations can be eliminated with little effect on engine
sfec by using an adjustable exhaust-nozzle dree that is closed down as
altitude and flight speed increase.

The increase in stress with altitude for operation at constant
exhaust-nozzle area is accompanied by a rediuction in blade-metal temper-
ature for a constant turbine-inlet temperature T', since the pressure

ratio across the outer turbilne ps/p6 1ncreases with altitude, On a
design-point basis, therefore, these higher . 'stresses might be tolerated.

' TOE¥
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If an engine were designed for the altitude condition, however, the same
stress would prevail at the sea~level static condition for the operatlon
at constant outer-compressor speed specified herein. This high stress

could easily exceed the stress-rupture limit at the sea-level static con-
dition, since the outer-turbine pressure ratio pé/ré is lower and con-

sequently the turbine-exit temperature is higher. It thus appears ad-
visable with respect to turblne stress also to incorporate exhaust-nozzle-
area adjustment.

The other advantages stemming from the use of an adjustable exhaust-
nozzle area are (1) a reduction in the frontal area of the outer turbine,
which is the greatest frontal area for the engine proper, (2) a reduc-
tion in the range of pressure ratlc over which this turbine must be de-
signed to operate, and {3) as a consequence of the foregoing, a reduc-
tion in the number of turbine stages required. (It should be noted that
the stresses Sb,6 and area ratlos At,G/At,l shown in fig. 10 are for

turbines designed et limiting loading with exit hub-tip radius ratios of
0.6. If the turbines were designed with more conservative aerodynamic
limits and larger exit hub-tip radius ratios, higher stresses and larger
frontal areas would result, as pointed out in appendix B.) Thus, it is
concluded from the anslysis that high-performance compressors can be
employed 1n the two-spool engines investigated without encountering
severe turbine stress limits if an adjustable exhaust-nozzle area is
used. It also appears as previously mentioned that, without turbine
stator adjustment, the inner-turbine stress characteristics of the 6-2
engines are more favorable than those of the 2-6 engines.

Turbine efficiency. - In analyzing the engines, it was assumed that
the turbine efficiency was constant for all operating conditions. This
assumption appears valid for the inner turbines of engines A, since the
turbine operating conditions (see figs. 10(a) and (c)) do not vary much
with flight condition or turbine-inlet temperature. For the same rea-
sonsy the outer turbines for engines A should have reasonably constent
turbine efficiency if exhsust-nozzle-arez adjustment is employed to re-
duce the range of pressure ratio over which the turbines must operate.
For engines B or operation with constant exhaust-nozzle area, however,
the turbine efficiency will vary some with engine operating conditions,
because the turbine operating conditions elso change. For these engine
types, one probebly would design the turbine to heve peak efficiency at
the most important operating condition (perhaps the cruise condition)
and accept lower turbine efficiency, and consequently higher sfc, at
the other operating conditions.

Compressor operating conditions. - The effects of flight condition
on the compressor operating conditions of engines A are shown in figure
2. The increase in Flight speed and altitude tends to drive both the
inner and outer compressors for all three compressor-pressure-ratio

-



10 NACA RM E57C2L

splits into less favorable operating regioms. The reductions in com-
bressor efficiencies tend to be offset, however, by the increased cycle
efficiencies resulting from the higher compressor pressure ratios.

Comperison with Single-Spool and Free-Turbine Engines

The variation of sfc with turbine-inlet temperature for a given
flight condition for the two-spool turboprép is quite small (fig. 10)
and is considerably less than for a single-8pool engine of comparable
coampressor pressure ratio. This results primerily from the menner in
which the compressor operating conditions change with turbine-inlet
temperature.

The outer turbine of the two-spool engine, like the turbine in the
single-spool engine and the free turbine in, the free-turbine engine, has
large variations in design frontal area, centrifugal stress, and pres-
sure ratio with flight condition for operation with constant exhsust-
nozzle area. For all engines it appears desirable to use an adjustable
exhaust«-nozzle area that can be closed dowil at altitude if high-altitude
and high-flight-speed operation is contemplated. o

Increasing the pressure ratio obtained in the outer compressor of
a8 two-spool englne results in characteristics similar to those of a L
single-spool engine, while reversing the split results in characteris-
tics similar to those of a free-turbine engine. This is best illustrated
by the fact that the 6-2 engines without turbine stator adjustment are
not limited in the range of turbine-inlet temperature for which they can
be designed, whereas the 2-6 engines are limited. This parallels the
conclusion drawn for the single-spool and free turbine engines in ref-
erence 3. This would appear to be almost axiomatic, since the limiting
compressor-pressure-ratio splits of 12-1 ana 1-12 represent single-spool
and free-turbine engines, respectively.

Comparison of the two-spool engines an#ilyzed herein with the single-
spool engines of references 1 to 3 does not.reveal any major limitations
or differences which clearly indicate that One type is inherently better
than the other. Other aspects not considered (such as mechanical dif-
ferences or acceleration characteristics) might be of parsmount im-
portance in selecting one engine in preference to the_other, but such
considerations are not within the scope of the present investigation.

CONCLUSIONS

Two-spool turboprop engines with an ov&r-all design compressor
pressure ratio of 12 split 6-2, 3-4, and 2-6 between the outer and inner
compressors were analyzed. The following conclusions were reached:

[
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1. The characteristics of the 3-4 engines are roughly midway be-
tween those of the 6-2 and 2-6 engines. '

2. The 2-6 engines in comparison with the 6-2 engines are restricted
in the range of turbine-inlet temperature for which they can be designed
if turbine stator adjustment is not employed in the outer turbine.

3. If turbine stator adjustment is employed, however, more difficult
turbine design reguirements result.

4., In general, the reduction in specific fuel consumption obtain-
able with the use of turbine stator adjustment is small.

5. The stress problem for the inner turbine is less critical for
the 6-2 than for the 2-6 engines, because the centrifugsl stress for
the inner turbine is essentially constant with increasing turbine-inlet
temperature. However, the stress in the inner turbine of the 2-6 engines
can be held relatively constant by using stator adjustment in the outer
turbine.

6. Compressors of advanced design can be employed without encounter-
ing severe turbine stress limits if an adjustable exhaust-nozzle grea
is employed. Turbine stresses well within a 1000-~hour stress-rupture
limit for a turbine-inlet temperature of 2100° R can be obtained with
the compressor designs contemplated.

7. For engine operation without turbine stator adjustment, the 2-6
engines require the greatest range of outer-compressor operation. The
operating line for the inner compressor of the 6-2 engines is nearly
vertical (small change in eguivalent weight flow), while that for the
2-6 engines nearly parallels the surge line. Lowering the turbine-
inlet temperature drives the outer compressors toward surge. Raising
the turbine-inlet temperature drives the inner compressor of the 6-2
engines toward surge and that of the 2-6 engines toward a region of
poor efficlency at high pressure ratio and weight flow.

8. The variation in engine power with turbine-inlet temperature is
nearly linear; and, except for temperatures below 2000 R, the specific
fuel consumption is nearly constant.

9. For operation with constant exhasust-nozzle area, the design
stress, frontal area, and pressure ratio for the outer turbine increase
considerebly with flight speed and altitude. It appears desirable,
therefore, to employ an adjustable exhaust-nozzle area that can be
closed down as flight speed and altitude increase in order to eliminate
these variations.
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10. The design requirements of the inner turbine are not affected
to any extent by the flight condition.

_ Comparison of two-spool engine charactéristics with those of
single~-spool and free-turbine engines investlgated previously revealed
that

1. The variations of specific fuel confSumption with turbine-inlet
temperature for the two-spocl engines are considerably less than for a
single-spool engine of comparsble compressor pressure ratio.

2. Increasing the pressure retio obtained in the_outer compressor
of a two-spool engine results in characteristics similar to those of a
single-spool engine, while reversing the split results in charscteris-
tics similar to those of a free-turbine engine.

3. Comparison of the two-spool and single-spool éngines, for those
aspects investigated herein, does not reveal any major limltations or
differences which clearly indicate that one type 1is inherently better
than the other, .

lewis Flight Propulsion Iaboratory -
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 25, 1857

TOS¥



«wOU.L

NACA RM ES57C21 13
APPENDIX A
SYMBOLS
A area, sq Tt
a velocity of sound based on local statlc temperature, ft/sec
cp specific heat at constant pressure, Btu/(lb)(oR)
F jet thrust, 1b
f fuel-air ratio
g acceleration due to gravity, 32.17 sec2
H lower heating value of fuel at 600° R, Btu/Ib

H/C hydrogen-carbon ratio of fuel
h enthalpy, Btu/lb
J mechanical equivalent of heat, 778 ft-lb/Btu

p¥ engine power (shaft horsepower plus equivalent shaft horsepower
of net thrust), hp

pressure, lb/sq ft

R gas constant, 53.3 Ft-1b/(1b)(°R}
r radlus from axis of rotation, ft
S centrifugal stress, psi

sfc  specific fuel consumption (based on engine power P¥), 1b/hp-hr

T temperature, °R

U blade speed, ft/sec

v velocity, ft/sec

W veloelty relative to rotor blades, ft/sec
W weight flow, lb/sec
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a absolute flow angle measured from axisl direction (positive in
direction of rotation), deg - =

r turbine blade-metal density, lb/ecu ft

Y ratio of specific heats

5 ratio of pressure to NACA standard sea-level pressure of 2116
1b/sq £t

] efficiency

e ratio of temperature to NACA standard sea-level temperature of
518.7° R

p density, 1b/cu ft -

¢ stress-reduction factor for tapered blades

v = {[h(combustion products) - hg}(1 + f)}/f (see ref. 5), Btu/lb

w angular rotative speed, radians/sec

Subscripts:

a air » -

an annuler

B cambustor

b blade i

Cc compressor

cr conditions at Mach number of 1.0

a deslgn

hif fuel

3 gearbox

h hub

J Jet B -

[0} 4
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m mean

P propeller

sl NACA standard sea-level conditions
T turbine

t tip

th throat

u tangential

X axial

0 ambient

1 outer~campressor inlet
2 inner-compressor linlet
3 combustor inlet

4 inner-turbine inlet

5 outer-turbine inlet

6 outer-turbine outlet

7 exhaust-nozzle outlet
Superscripts:
' total or stagnation state

" total or stagnation state relative to rotor

oS NPT DENTEAES
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APPENDIX B

ANATYTICAL PROCEDURE

The assumptions made are given in the ANALYSIS section of this re-
port. The following three f£light conditions were investigated for &
range of turbine-inlet temperature from 1600o to 2600° R:

Flight|Alti- |Flight|Flight
condi~|tude, [veloc-|[Mach
tion £t |ity, number
mph
X 0 o |0
Y 19,000] 400 .564
Z 40,000| 600 .906

Campressor Performence Maps — —

The compressor maps were constructed by use of the curves and
method given in chapter X of reference 4, With this method it is neces-
sary to select at the design point (100-percent equivalent design speed.
and design pressure ratio) a design value of weight flow per unit frontal
area for the outer compressor and a deslign-point efficlency for both the
inner and outer compressors. A small-stage efficiency of 0.90 was as-
signed for all compressors at the design point, and all outer compres~
sors were assigned an equivalent welght flow per unit frontal area of
35 pounds per second per square foot at the design point. The perform-
ance meps obtained by this method ere shown in figure 2.

Cycle Calculations

A series of figures (figs. 3 to 8) was constructed for each engine
as described hereln to investigate the variation in the paremeters of __
interest with flight condition, turbine-inlet temperature, and inner-
turbine pressure ratio pi/bé. A change in the inmner-turbine pressure

ratio pi/pé indicates an adjustment of the outer-turbine stators.

Stator adjustment for the inner turbine was not considered in construct-
ing the figures for reasons that will be discussed later. In construct-
ing most of the figures the ratio of exhaust-nozzle area to outer-
campressor frontal area A7/At 1 was congidered constant at 1.4 (i. e.,

the exhaust-nozzle area was con51dered fixed) The advantages of using
a varisble exhaust-nozzle area are discussed in the text.

TOE%
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The variations of pé/pi;.pé/bé, pi/pé, pé[pé, w1’6i/8iAt,l,
wyf05/85A¢ 1, W’“/Gé/ﬁéAt,l, P /A,G’l, and sfc with turbine-inlet temper-
ature T/ for one flight condition (shown, e.g., in figs. 3 to 8) were
obtained as follows:

Assign (1) Flight velocity YV

(2) Altitude

(3) Turbine-inlet temperature T}

Assume (1) Rotative speed of outer campressors constant at design
value ((Dl = (Dl’d)

(2) Air weight flow through compressors equal to gas weight
flow through turbines

. 1 H
(3) Equivalent weight flow into inner turbine w‘leé/s4 constant

The value of the constant in assumption (3) is determined at the sea-
level static condition with the compressors operating at thelr design
point and the turbine-inlet temperature at 2100° R. The first stator
in a conventional turbine operates at or near the choked condition in
the turbine design operating range; and, therefore, w‘le'/S'Ath can be

assumed with little error to be constant. Assuming, therefore, that
w‘/e'/ﬁ' is constant implies that the throat area of the first stator

Ary 1is constant or, for the purposes of this report, that no stator ad-

justment is consldered. The other assumptions used in the analysis are
listed in table II. All parameters shown herein refer (except where
noted by appropriate subscripts) to mean or mean-radius conditions at
the stations considered.

Figure 3§a!. - The percent equivalent design speed at which the
outer compressor is operating is determined by the flight velocity and

altitude, because
OV 1 (1)
[\] T
1,4 ‘/61
and 6] is a function of only the flight velocity and altitude. Select

from figure Z(e) a set of pé/pi, w\/ei/ﬁi 4,17 and nC,l lying on the

percent-equivalent-design-speed line determined by the flight velocity
and altitude assigned.

% Equivalent design speed =
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The continuity relation between stations 1 and 4 can be written as

_ W% B Ps Pz [T (2)
SlAt 1 %hgn p; Pz Py YT,

and, for the values already determined and an assigned value of Tj, it
is possible to calculate the value of pg/pé. From the work relation

Tc-l

T2 1 P2
e l = ———— - l 3
T g,1 <Pl> )

the temperature ratio Té/Ti can also be calculated. This temperature
ratio T’/T' and pressure ratio PZ/Pl’ with the continuity relation

between stations 1 and 2, -

vaf6] w6} »s M (a)

= t t 1
DI A

determine the value of the equivalent weight flow at the inlet of the
inner compressor W\/G'/azAt 1+ With w 9'/52At ; @and ps/bz known,

read ¢,z from the inner-compressor map (fig. Z(f)) The pressure
ratio across the inner turbine pé/ps cen then be calculeted from the
following work relation:

Tc-l : TT-l

c pi\ TC T
p:C o | (23 |- | ( 5

- = 40 mBa L - (5)
ﬂc’z 2 Pé T,47p,T74 Pé

This procedure is repeated for other selected sets of w‘/ ‘/SiAt 1s
pz/pl, and nc 1 along the outer- compressor speed line determined by

flight conditlon. Finally, Ti is changed, and the proce&ure is again

repeated., With the values calculated, plots of Pz/Pl against pé/p5
for constant values of Ti, and pé/pé agg;nst pi/pé for constant
values of Ti can be made. Cross-plottingﬂfrom these Tfigures results
in the type of figure shown in figure 3(a).

TOSV
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Figure 4(a). - Figure 4 is obtained much more simply than figure 3,
from equations (3) and (4). For the sets of leei/SiAt,l’ ps/p{, and

Mo selected along the outer-compressor speed line determined by the
J

flight conditions, values of W‘/Gé/SéAt,l can be calculated from equa-
tions (3) and (4). These values are then plotted as shown in figure 4(a).

Figure 5(a). - For each Tj and set of pp/p{, w4[6{/8{A; ;, and

, assign a range of pé/bé consistent with the limits imposed by the

Ui
C,1
following two requirements: (1) that the outer turbine produce at least
as much work as the outer compressor, and (2) that the ratio of exhaust-
nozzle area to outer-compressor frontal area A7/At,l be finite. Calcu-~

late Té from the work relation,

Tp-1
5 ps\ Tr
T nT,é 1- ('PZ) (6)

Then calculate the specific work or specific enthalpy changes AV 230
1 .
and Ahl_z as follows:

Y=L
pg\ ''T
1 1
fhs_g = Np 5Cp qT5 |1 - (p—') » Btu/1b (7)
5
TC-l
c T pi\ To
AhI_, = Cp, ¢t |22 - 1|, Btu/1p (8)
-2 7y P!

The pressure ratio left to produce jet thrust is

1 1 1 1 1 L 1 1 t
p; P4y BPs BL Pi Pz PS P] B

e e = = (9)

1 1 1 1 t 1 1

where the pressure ratios on the right side of equation (9) have all been
assumed or calculated. The Jjet veloclty is calculated from the isen-
tropic relation

Tp- 1

T Po\ 'T
_J = k] (lO)
- (3)

o _r-_'
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and the energy relation
: 2
_ls *T'l(vj )
= - 1
Tp L acr,7

where = -

Re S

and _;

1 ZYT _

The thrust per uwnlt outer-compressor frontal area is _then

F Vs - Vo

W
Ag,1 A1 8

, Ib/sq £t

where

P I R |
= lb/sec}/sq ft
At,l SiA't,l r——ei: ( / )/ q.

NACA RM E57Cz2l

(11)

(14)

The engine power in terms of equivalent shaft power is obtained

from the following equation:

p¥ JT}E w ( . <F ) 1
= Ahl . - Ah! L) + Va [7—) ==
5- 1-2 0 ;
Ay,1 550 A, 6 \&¢,1/ 550n,

hp/sq £t (15)

For the case when there is no forward velocity Vj (sea~-level static

condition}, & conversion factor of 3,62 pouinids of thrust for shaft
horsepower is assumed to convert static thrust to equivalent shaft
horsepower. For the sea-level static condition, therefore,

p¥  dlg g F 1
= (Al - AW! ) +—— =——=5, hp/sq £t (18)
Ay, 550 Agy “T5-6 1-24 TRy 1 3.627 /

- TOe¥
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In calculating the exhaust-nozzle area Ag, two conditions are
- recognized. For the choked-exhaust-nozzle conditions, when
i
py  (rp + \'T"t
o, 2\ 2 = 1.8324 (17)
then
—
» <
d‘ B
Ym-1
T
( e ) - (‘%‘1’) = 0.6276 (18)
P 8ar/7 Tp

and the ratio of exhaust-nozzle area to outer-compressor frontal ares
A7/At 1 is calculated from the following continuity relation:
J

. (pv ) By AT . (19)
Ag,1 \P'aey/7 BRIy Wrp + 1 777 Ay .y

For the unchoked condition, when

T

py  frp+ L\ TT
vp  (rz+l (20)
Py 2

it is assumed that pgy = p7 and, therefore,

1 Tl

ov \ _(P\NT [|, _(P\'T fret?l (21)
Pleer/7  \P7 Py -1

T

The value of (pV/p'al,.)7 obtained from equation (21) is then intro-
duced into equation (19) to obtain the area ratio A7/At,1 for the
unchoked condition.

The fuel-air ratioc £ is calculated using reference 6, where

h - h
a8,4 8,3
f = 2 J

= —> 1b fuel/lb air (22)
L N
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H = 15,935 + 15,800(H/C) (23)

With the combustor-inlet and -outlet temperatures known and the values
of H/C, Ny, &nd h, assigned, the fuel-air ratio is calculated using

charts I and IV of reference 6. N -

The specific fuel consumption sfc is_fhen obtalined from the fol-

lowlng equation:
( )5600 o w
At l . (24)

, 1b/hp-hr

sfe =

At,l

This procedure is repeated selecting other sets of W\/ei/GiAt,l’
pé/pi, and nC,l along the outer-compressogispeed line determined by

the flight condition. Finally, Ti is changed and the procedure is —

agaln repeated. For each turbine-inlet temperature, plots are made of
P /At 1 @against A7/At 1 and sfc against A7/At 1 for the values of

pé/@l selected. From these plots and flgure S(a), cross plots at a
constant area ratio A7/At,l of 1.4 are made as shown in figure S(a)t

Figure SSaZ. - For the assigned values of pé/pé, pé/pi, Ti, and
T 1
calculated values of A /At,l, a plot of pl/pi against A7/At’l for

constant values of p /b can be made for each T‘ From these figures

and figure 3(a), cross plots at a constant area ratlo A7/At p of 1.4
are made as shown in figure 6(a). '
The straight vertical lines in figure 6(a) denoting constant values

of equivelent weight flow at the outer-turbine inlet are obtained using
the following continuity relstion:

o 6 » % (25)
1 mt
5A,1 55At 1Py T
Since w‘le'/SiAt 1 and nc 4 Bare constant, only one value of

W\/e'/BSAt , occurs for each p4/p5, and hence the straight vertical
lines shown in figure 6(a).

TOCF
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Other considerations. - It was pointed out in reference 3 that for
single-spool engines an ares ratio A7/At,l of 1.4 resulted in nearly

maximum power and minimum sfc at ell flight conditions over the range
of turbine-inlet temperature of interest. This was also found to be the
case for the two-spool engine when the figures used to cross-plot figure
5 were examined. In order to eliminate one of the varisbles, therefore,
the calculated values were cross-plotted to obtain the figures as shown
for & constant area ratio A7/At 1 of l.4. It was also found that much

the same variation shown in figure 5 of PﬁyAt 1 @and sfc with pi/bs
occurred over a range of A7/At 1e

The parameters are plotted against Pi/bé in order to determine

whether it might be desirable to incorporate turbine stator adjustment
in the outer turbine. From equation (25) it can be seen that, if

4/84At L end w‘/eé/G%At | &are constant (i.e., no turbine stator

adjustment in either turblne), then Pé/bs will be constant. The case
of no stator adjustment (pé/'p5 = const.) can thus be easily compared in

the figures presented with the case of stator adjustment in the outer
turbine.

The case of stator adJustment for both the inner and outer turbines
(w‘/e'/SiAt , end W‘/Q'/ LA 6,1 allowed te vary) was considered, but

the results are not presented. In this part of the analysis the pro-
cedure was to assign various values of pé/pi along the speed line de-

termined by the flight condition and operation at constant outer-
compressor rotative speed and then vary pé/@é over the maximm range

possible consistent with the inner-compressor map characteristics. For
each pé/pi, pé/bé, and Ti, a total-energy term representing the energy

avallsble for either propeller or Jjet thrust was calculated. An sfc
based on this total energy was also calculated. Plots were made for each
T{ and flight condition of sfc against pi/pi for various ps/pi.

From these plots the compressor operating conditions for minimum sfc
for a given turbine-inlet temperature and flight condition were de-
termined. Comparison of these minimums with those obtained for the
compressor operating conditions with turbine stator adjustment of only
the outer-turbine stators showed that the ilmprovements made available
by adjusting both turbines stators were small in most instaences and did
not warrant the added engine complexity required to obtain the
improvements.
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Turbine Stress, Component Frontal Areas, and

Compressor Design Specifications _-

The design problems and features of any one engine component cannot

be isolated from the design problems and features of the other compo-
nents. For example, the compressor aerodynamics will be compromised by
the turbine stress limitations. In this section, the construction of
figures used to investigate some of these cdmpromises and some of the
geocmetric features of the engine sre explained. _

Outer spool. - The stresses of concern in this report are the cen-
trifugal stresses at the hub of the last rotor of both the inner and
outer turbines. Reference 7 develops the following equation for the
centrifugal stress at the hub of a rotor blade:

2
P Agn @
8, = “eng 144 Pt : (26)

Then, the equation for the hub stress of the last rotor of the outer
turbine can be written as ¥ -
2 -
_PY%,1 Pans A7 @ (27)
Sb:s ag A7 Ag,1 144

or, applying continuity between stations 6 and 7, as _

1 t 1
_ prt,l El P 8or)7 A7 ? (28)
®v,6 = "2g D} ( oV ) E, ; 16
plal 3
cr/6

In calculating stress values, the turbines were assumed to be de-
signed up to the limiting-loading point, or with (pV/p'al,)s & maximum.

For most turbines, limiting loading occurs at about an exit axial Mach
number of 0.7 (ref. 8), or a value of 0.5725 for (pV/p'al,.)g when the

exit tangential -component of velocity is zero. The stress for a turbine
designed at limiting loading will thus be &t a minimum for & given exit
.ges total state and weight flow, since (pV/b‘aér)G is a maximum (see

eq. (28)). Chenging the gas exit total state by varying the area ratio
A7/At,l and its attendant effects on turbine stress and frontal area

are discussed in the text.

TS

I
1



4301

CZ4

NACA RM E57Cz21 25

It is seen from equation (28) that the stress Sb,6 is & funetion
of only the specific weight flow at station 7 if

(1) All turbines are designed at limiting loading (i.e.,
(pV/p’aér)G = const.).

(2) The outer-compressor rotative speed is comstant (and, conse-
quently, U, | is constant) .
2

(3) The area ratio A7/At,l is constent.

(4) The assumptions of table II are applied.

Thus,

v
Sp,e = const. (E‘,’a—,)7 (29)

cr

In order to determine the value of the constant in equation (29) it
is necessary to assign a blade tip speed Uf,l' The design blade tip

speed assigned was 1124 feet per second. This blade tip speed, with the
value of equivalent welght flow per unit frontal srea of 35 pounds per
second per square foot assigned in comstructing the campressor perform-
ance meps, results for a 0.4 hub-tip radius ratlo in an inlet axial Mach
number of 0.6 and an inlet relative Mach number at the tip of the rotor
of 1.2. The first stage of the outer compressor being considered, then,
is an advanced transonic stage. Therefore, the resulting turbine
stresses are rather high, as will be seen from the stress figures to be
presented.

FProm the continuity equation, it can be shown that the ratio of the
outer-turbine to the outer-campressor frontal area Ag 6/At 1 can be
. 2 2
written as

(pv)
Ao M7 P7\PEG)7 g
Ap, 1 By,1 P [V rp\2
tot
P8erfe |+ ~ \7¢
6

In the results presented herein it is assumed that the exit hub-tip
radius ratio of all the outer turbines (rh/rt)6 is O.6. This is con-

sidered a practical lower 1imit, which, as can be seen from equation
(30), would-result in the minimum turbine frontal aresa A g (The
>

(30)
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value of (pV/b acr)G was assumed to be at its maximum value previously
in order to minimize the stress Sb 6° o} It can also be seen fram equa-~
tion (30) that the area ratio At 6/At 12 like the stress Sb Y is a

function of only the specific weight flow &t the exhaust- nozzle exit;
that is,

A

4,6 oV
—2- = const. (31)
Ag,1 (p’aér)7

In calculating the area ratio A7/At 1 (eqs. (17) o (2L)), it was
2

necessary to calculate the specific weight flow at station 7; and, there-
fore, it was possible to calculate the stress Sb 6 .and the area ratio

At G/At 1+ These calculated values were cross-plotted to obtain the
type of figure shown in figure 7(a), which is a plot of Sb g &and
t 6/A 5,1 against inner-turbine pressure ratio pé/p5 for various

turblne—inlet temperatures Tj. The figure presents values for one flight

condition, one compressor-pressure-ratio split, and one value of area
ratio A7fAg 1 (1.4).

Inner spool. - The continuity equation (between stations 5 and 7),
suitably modified to account for the pressure and temperature drops
across the outer turbine, can be introduced into the stress relation
Fiven by equation (26) to give the following equatlon for the stress at
station 5:

( pv ) o . Bg
Sy & = Pr\P /7 %7 1 Phee Ps - ¢

0,5 " pf [V \ A 1Rz 28 ; T o L

pal To~-
er/sS N T
1 1 Pg\'T
g, 5 B
(32)
The equation for the ratio of immner-turbine to outer-compressor

frontal area A /A is obtained from the continuilty equation

t,50 7,1

nraleat3
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(between stations 5 and 7) suitably modified to account for the pressure
and temperature drops across the outer turbine. One form of the area-
ratio equation is as follows:

s n ) :
1 H t
At S EZ placr 7 A7 1 ] %?
A1 T P4 ( oV ) Ag1 [ p\2 -1
P 8cr/s T-\% PA\T
t 6)'T
5 l-nT,sl-(?)

(33)

It can be seen from equation (33) that, if all inner turbines are speci-
fied to have exit hub-tip radius ratios (rp/rt)s of 0.6 and to be de-

signed at limiting loading ((pV/p'aér)s = 0.5725), the area ratio
At,S/At,l can be-calculated from previously obtained values. As noted

previously, the stress is minimized when the exit specific-mass-flow
term is a maximum. When, in addition, the exit hub-tip radius ratio is
minimized, the minimum turbine frontel area is also obtained.

Examination of stress equation (32) shows that 1t is necessary to
specify an area ratio At,l/At,Z and some design tip speed for the inner
campressor in order to calculate values for the stress Sb,S- The pro-
cedure for doing this will be outlined. Selection of the design values
of Ut,z and At,l/At,Z involved a compromise between the compressor

aerodynemic and size requirements and the inner-turbine stress. Since
the stress Sb,5 was not expected to vary greatly with either turbine-

inlet temperature or flight condition, the problem of selecting design
values of Uf,z and At,l/At,z was investigated at the sea-level static

condition with the turbine-inlet temperature at 2100° R, the campressors
operating at their respective design points, and a ratio of exhaust-
nozzle to outer-compressor frontal area of 1.4, With these stipulations,
equation (32) could be written (multiplying the right side of the equa-
tion by 63/6}) as

Us \2 Ag,1

S‘b,s = const. (W)z E; (34)

where the constant is differentzfor each compressor-pressure-ratio
split. The parameter (Ut/‘[§r)2 (At,l/At,2) is, then, a parameter
relating turbine stress to the aerodynamics and size of the compressor

¥ e
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and therefore was one of the parameters investigated. The constant in
equation (34) has a value of 0.01430, 0.01685, and 0.01800 for the 6-2,
3-4, and 2-6 compressor-pressure-ratio splits, respectively.

Three sets of figures were devised for each compressor-pressure-
ratio split to investigate the effect on the stress parameter

(u eY) x (A Ay ) of variations in for example, the relative tlp
t t,1 s ’

Mach number and frontal ares gt the inlet of the inner compressor. The
following equations were used to construct a set of these figures
(figs. 9%&) to (c), e.g.):

(1) The velocity-diagram relestions:

- - .
u
(:a'_) = (E’f_) tan ag o (35)
er/2,t cr/2,t : — -

2 W
Yo tl\ac.)s ¢

W _ cr (
L = 36)
b V-, G,
Vot LI\agr/oe  \8er/2 ¢
2 V. \2 - V,\2
) - (—" ) + (U—— “) (57)
8cr/2,t Gcr/2,t cr /2,t-

(2) The expression for equivalent speed in terms of (U/éér):

2r
) (L L
( '—“9')2',»0 = (aér)z,t To L gRTszn (38)

(3) The free-vortex and simple-radial-eéquilibrium relation for Vi
and specific weight flow: - ) )

(%)z,m B <ZZr)2,t [ . Eﬁ)] - (39)
2

. TOSw
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1

) 2 2 -
oV Ve To - 1 [V, Te-l
p'a’ =\g7 1l- -+ 1 ar + ' (4—'0)
cr/2,m er/2,t c er/2,t er/2,m

That is, (Vk/éér) is considered constant over the blade height.

(4) The continuity relation:

R N R e I_ . (41)
5“éAan,Z 8i'At,l T p2 At:z [ ry 2]
L (2,

where (ka/p'aér)z,m is considered the average specific weight flow;
and, therefore,

S2fan,2 ([T, VVc * 1 RB\P'8cr/op :

An axial velocity distribution from stations 1 to 3 that would re-
sult in good compressor staging characteristics and good cambustor-inlet
conditions was also specified in order to select & reasonable value of

(Vi/éér)z for the different campressor-pressure-ratio splits. This

distribution of axial veloecity is shown in figure 9(d) as a plot of
axial velocity against compressor pressure ratio. The pressure ratio
from 1 to 12 is plotted on the logarithmic scale of the abscissa in
order to simulate a plot of axisl velocity ageinst stage number. Ad-
vanced compressor designs indicate that a constant axial velocity across
the first few stages followed by a linear reduction to the axial veloc-
ity at the exit of the compressor results in acceptable stage velocity
diagrams and rates of diffusion. The inlet wveloclity at station 1 for
the conditions previously specified was 648 feet per second, and an exit
velocity of 400 feet per second was assigned at station 3. An exit ve-
locity of 400 feet per second is quite acceptable as & cambustor-inlet
velocity and, as will be seen, permits a wide choice of frontal areaz and
hub-tip radius ratio at the exit of the inner ccmpressor (station 3).

An exit velocity of 400 feet per second also results in only a moderate
reduction in velocity from the inlet velocity of 648 feet per second and
should, therefore, result in low stage diffusion rates. With the axisl
velocity distribution shown in figure 9(d), then, the values obtained
for (Vk/ééf)z were 0,3658, 0.4873, and 0.5632 for the 6-Z, 3-4, and 2-6

campressor-pressure-ratio splits, respectively.

VN e
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Shown in figure 9(e) are the variations in outlet axial velocity
ratio (Vk/aér)5 with the compressor-outlet geometry parsmeters
At,S/At,l and (ry/ri)z. This figure is the same for all compressor-
pressure-ratioc splits, since the same small-stage compressor efficiency
was assumed at the compressor design points, This figure was con-
structed using the continuity relation between stations 1 and 3, the
equivalent weight flow and hub-tip radius rgtio at station 1 being the
seme for all compressor-pressure-ratio splits. The exit velocity of
400 feet per second selected in figure 9(d) results in (V. /al.)z of

0.2643. From figure 9(e) it can be seen that this value of (Vk/aér)s
permits a wide selection of (rp/ri)z end At,3/At,l'

The last figure used 1n selecting the design blede tip speeds and
frontal areas for the inner compressors is figure 9(f), which determines
the allowsble stress for the inner turbine. : The allowable stress is a
function of the material used in the turbine rotor blade and the tem-
perature of this material. The blade-metal temperature is & function of
the blade stress, as can be seen by introducing the stress equation into
the energy equation:

5,h
Boo= T o+ gmeie— (43)
5,b " 75 " Zgleg p

vhere Vu,5 = O. The result of this substitution gives the following

expression:

(r—r:)z (80,5) (144)

Tll = IIH + 44:
5,h S ' . 2 (44)
JCP’pr(P[l . (;’;)5]
which, if the relative total temperature Tg is assumed the same as

S,h
the blade-metal temperature, shows that the blade-metal temperature is
a linear function of the blade stress for a given Ti. The values of

Té for the three compressor-pressure-ratio splits were calculated for

8 turbine-inlet temperature Ti of 2100° R and introduced into equa-

tion (44) to obtain the stralght-line relations shown in figure 9(f)
for the three campressor-pressure-ratio splits. Also shown in figure
9(f) is the experimental 1000-hour stress-ripture curve for a common
high-temperature material (HS-Sl, ref. 9). The intersection of the
stress-rupture curve with the individual straight-line relation of the
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three compressor-pressure-ratio splits determines the allowable sitresses
for a 1000-hour life. Stresses below these intersections will result in
longer life or permit higher temperstures with a 1000-hour life.

The procedure for selecting the design equivalent tip speed and
frontal area for each compressor-pressure-ratio split is as follows:
Select an allowsble turbine stress from figure 9(f) and the axial ve-
locity into the inner compressor from Tigure 9(d). With V ,2 selected,

calculate the velocity ratio (V. /écr)Z' Using the allowable stress, cal-
culate the allowable (U /\/6’)2 (A_b l/At 2) from equation (34). From

figures 9 a), (b), (c), and (e) select the other campressor parameters

of (U / ) At Z/At Y At S/At 12 (r rt)S’ and (r /r repre-

senting the best compromise of these parameters in regard to compressor
geometry, aerodynamics, and minimum number of stages (high (Ut/ V6©)a).
The selections made for the three campressor-pressure-ratio splits along
with the values assigned to the outer compressors are listed in table I.
In selecting the values shown in table I, the inlet relative angle to
the first rotor of the inner compressor was not allowed to exceed 65°.
The allowable turbine stresses are also specified so that they are well
within & 1000-hour life for the inlet temperature of 2100° R at the de-~
slgn point.

With the area ratio A, 2/ and (U / \/e')2 4 Selected in this

mamner, the stresses at the other fllght conditions and turbine-inlet
temperatures can be calculated. These stresses and the area ratios
Ag, S/At 1 (obtained in the manner described previously) are plotted

against turbine pressure ratio péfﬁs for the various turbine-inlet tem-
peratures T, and one flight condition as shown in figure 8{a). Addi-

tional stipulations in plotting figure 8(a) are that the area ratio
A7/At,l is constant at a value of 1.4 and that the inner turbine is

without stator adjustment.
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TABLE I. - COMPRESSCR DESIGN SPECIFICATIONS

[ Sea-level static conditions and 2100° R turbine-inlet temp. }

Engines (pressure-

ratio split)
6-2 | 3-4 | 2-6

Equivalent tip speed, (Up/V/67),, ft/sec| 1124 1l24| 1124
Hub-tip radius ratio, (rh rt)l 0.4 0.4 0.4
Equivalent weight flow per unit frontal

area, (v 1/6'/8'Ay)1, (1b/sec)/sq ft 35 35 35
Relative tip Mach number, (W/a)t,l 1.2 1.2 1.2
Axial Mach number, (Vi /a)q 0.6| 0.6| 0.6
Equivelent tip speed, (Ui/V0')y, ft/sec 00| 1110| 1170
Hub-tip radius ratio, (ry/ri)s 0.80] 0.73| 0.65
Relative tip Mach number, (w/a)t 5 0.8 1.0 1.z

2
Ratio of frontal areas, Ay pfAy 1 0.78| 0.88] 0.88
Absolute flow angle, a,, deg 15 15 0
Critical axial velocity ratio, (Vk/éér)z 0.366| 0.487| 0.569
Hub-tip radius ratio, (ry/ri)s 0.83| 0.84| 0.83
Ratlo of frontal areas, Ay z/At ) 0.70| 0.73| 0.70
Critical asxial velocity ratio, (Vk/éér)s 0.264| 0,264 0.264
Allowable stress, Sb 57 psi 15,000}23,500 {28,500
2

33
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TABLE ITI. ~ ASSUMPTIONS

Inlet diffuser pressure ratio, pi/pé S S 0
Combustor pressure ratio, pi/bé. ¢ o s &« o o 2 s « s s » a s e s & 0,95
Exhaust-nozzle pressure ratio, p%/pé e o & s s o s o s o s s o o o 095

Turbine efficiency (based on total-pressuré ratio), M_ « « « « « « 0.85

Gearbox power-transmission efficiency, g e e e e e s e s e o s 0,95

Propeller efficilency, np C e e e e e e e e e e e e e e e .. 0.8

Combustion efficiency, MR o ¢ « ¢ o o o o s o o o o o s s o o s » 1.00

Hydrogen-carbon ratio of fuel, H/C e s s e T © P I £
Initial enthalpy of fuel, he, Btu/Ib « ¢ v™% ¢ v v ¢ o o o & « o =50.0

Mechanical equivalent of heat, J, ft—lb/Btu' « o s s o e s e s o 178.,2
Gas constant, R, £t-1b/(1b}(PR} . « v ¢« ¢ 4 ¢« ¢ ¢ « + ¢ o« o o + + 53.3
Gravitational constant, g, ££/8€C2 4 v v v 4 4 o + o o o s+ & o o 32,17
Ratio of specific heats In compressor, Yo o« « + = s s « s o o o o L1.40

Ratio of specific heats in turbine, Yp « « + ¢ ¢ ¢ o ¢ o ¢+ « o « 1.30

Constant of conversion from statiec thrust to eguivalent
shaft power L L] L] L] . e . L L] . L] L] L] a L] L] L ] L ] L ] L] L ] [ ] L ] - L ] - 5 L[] 62
Hub-tip radius ratio at inner-turbine outlet, (rh/rt)5 e s s e o « 0.60

Hub-tip radius ratio at outer-turbine outlet, (rh/rt)G e « « o o o 0.60

Specific weight flow at inner-turbine outlet, (pV‘/p'aér)5 « o o« 0,5725

Specific weight flow at outer-turbine outlet, (pV/p'aér)s e « o 0.5725
Centrifugal-stress-reduction factor for tapered blades, ¢ . . . « 0.70

Turbine blade-metal density, T, lb/cu TP o o o o ¢ ¢ o ¢« ¢« « « « «» 500
Exit tengentlial components of velocity, (Vu;S’ Vﬁ,S: Vh,s) e ¢ s e« O

- TOcw
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Figure 1. - Schemmtic diagram of two-spool tarboprop engine.
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Outer-turbine centrifugal hlade stress, Sb 6 psi
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Inner-turbine centrifugal blade stress, Sy g, psi
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